Agonists and pseudo-agonists for toll-like receptor 4 (TLR4) are common in our environment. Thus, human exposure to these agents may result in "priming or sensitization" of TLR4. A body of evidence suggests that LPSmediated sensitization of TLR4 can increase the magnitude of responses to exogenous agents in multiple tissues. We have previously shown that reactive oxygen and nitrogen species (RONS) stimulate TLR4. There is no evidence that LPS-primed TLR4 can influence the magnitude of responses to oxidants from either endogenous or exogenous sources. In the present study, we directly tested the hypothesis that LPS-primed TLR4 will sensitize primary murine peritoneal macrophages (pM) to oxidant-mediated prostaglandin E2 (PGE 2 ) production. We used potassium peroxychromate (PPC) and potassium peroxynitrite (PPN) as direct in vitro sources of exogenous RONS. Our results showed that a direct treatment with PPC or PPN alone as sources of exogenous oxidants had a limited effect on PGE 2 biosynthesis. In contrast, pM sensitized by prior incubation with LPS-EK, a TLR4-specific agonist, followed by oxidant stimulation exhibited increased transcriptional and translational expression of cyclooxygenase-2 (COX-2) with enhanced PGE 2 biosynthesis/production only in pM derived from TLR4-WT mice but not in TLR4-KO mice. Thus, we have shown a critical role for LPS-primed TLR4 in oxidant-induced inflammatory phenotypes that have the potential to initiate, propagate and maintain many human diseases.
Introduction
A progressive change in receptor sensitivity with prior exposure to an activating ligand is referred to as "priming" or "sensitization" of the receptor [1] . A potential "priming" of TLR4 by pseudo-TLR4 ligands such as common drugs especially opioids [2] , tricyclic antidepressants [3, 4] and even ethanol [5, 6] appears to be commonplace. Furthermore, human exposure to LPS, a native TLR4 ligand, is commonplace via multiple sources. Exposure may be through different sources such as bacterial infection, microbiome translocation of gut microflora, gut injury, dietary alteration and in a variety of occupational and environmental settings [7] .
LPS is a complex glycolipid in the outer membrane of Gram-negative and select Gram-positive bacteria and plays a critical role in activating the innate immunity [8, 9, 10] , which includes initiation of macrophage responses that may involve secretion of cytokines, nitric oxide and eicosanoids (prostaglandins). LPS is also a natural ligand for TLR4/MD-2/CD14 receptor complex in many cells especially dendritic, monocytes, macrophages and B-cells [11] . Besides, injured tissue such as dying tumor cells can persistently release endogenous danger signals collectively termed damage associated molecular patterns (DAMPs) such as certain heat shock protein (HSPs), high mobility group box 1(HMGB1) protein that serve as endogenous and exogenous ligands for TLR4 as well [12] . In addition, TLR4 interacts with molecules, e.g. LPS, released by bacteria, which are collectively called pathogen associated molecular patterns (PAMPs). Because TLR4/ CD14/MD-2 receptor complex shares a common signaling cascade with IL-1 receptor, we hypothesize that prior exposure to LPS might sensitize prostaglandin-synthesizing enzyme to oxidants in primary murine peritoneal macrophages (pM). LPS can induce the release of prostaglandins in macrophages [13] .
Prostaglandin E 2 (PGE 2 ), a prostanoid synthesized from arachidonic acid (AA), can increase vascular permeability, induce fever, play a role in muscle regeneration and maintain hyperalgesic responses [14] . Because of multiple important physiological roles of PGE 2 , many key patents describing inventions for utilization of PGE 2 for either diagnostic or therapeutic purposes have been filed ( [15] ; also US Pat No. 3,691,216 for PGE 2 methyl ester and PGE 2 methyl ester diacetate, filed 1972; US Pat No 3,795,697, filed 1974). PGE 2 is not stored but is synthesized de novo from membrane-released AA when cells are activated by stimuli such as mechanical trauma, cytokines, and growth factors. AA metabolites play critical roles in initiating and/or terminating inflammatory processes [16, 17] .
A family member of phospholipase A 2 (PLA 2 ) enzymes initiates PGE 2 synthesis. The PLA 2 enzyme family catalyzes the hydrolysis of membrane phospholipids at the sn-2 position to liberate AA (a 20-carbon unsaturated fatty acid) to initiate PGE 2 synthesis. Both cytosolic PLA 2 (cPLA 2 ) and secretory group V PLA 2 (sPLA 2 -V) are involved in regulating AA mobilization in response to macrophage exposure to TLR4 activation [18] . The AA released in the membrane is rapidly oxidized into the unstable metabolite, prostaglandin G2 (PGG 2 ), which is subsequently presented to PGH 2 by the cyclooxygenase (COX) enzymes. COX-1, expressed constitutively in most cells, is the dominant source of prostanoids that serve housekeeping functions, whereas COX-2 is the more important source of prostanoids formed in inflammation [19] . The final step in the biosynthesis of PGE 2 is catalyzed by prostaglandin E synthases (PGESs), a family of oxido-reductases, which has generated increasing interest as a therapeutic target in the treatment of inflammatory-related diseases. mPGES-1 responds to inflammatory stimuli and is frequently induced concomitantly with COX-2 after stimulation by LPS, TNF-α, or IL-1β [20] . PGE 2 then exerts its action locally by binding to one or more of its four cognate receptors, termed EP1-EP4, which are all G-protein-coupled receptors (GPCRs). In the onset of the inflammatory response, PGE 2 acts as a vasodilator to facilitate tissue influx of neutrophil of immune cells from the blood stream resulting in swelling and edema at the site of infection or tissue injury [16] . Furthermore, PGE 2 can stimulate sensory nerves to increase pain response and act on neurons in the pre-optic area to promote pyrogenic effects [21] . In addition, recent studies underscore that PGE 2 exacerbates inflammation by promoting the activation of TH17 cells, a subset of CD4 + helper T cells. PGE 2 -mediated production of IL-17 can exacerbate the development of multiple inflammatory diseases, such as inflammatory bowel disease (IBD) and collagen-induced arthritis in mice [22, 23] . PGE 2 plays a key role in inflammation, a common and critical pathologic process with its classical acute symptoms of pain, heat, swelling and loss/gain of function.
An extensive body of evidence suggests that LPS priming of TLR4 can change the magnitude of responses to exogenous agents in the liver, kidney, respiratory tract and lymphoid tissue [7] . Furthermore, reactive oxygen and nitrogen species (RONS) appear to participate in the regulation of TLR4 gene expression [24] . Because prooxidants can regulate TLR4 gene expression [25, 26] , it is still not understood whether LPSprimed TLR4 can influence the magnitude of responses to oxidants from exogenous sources. Thus, the effect of LPS-primed TLR4 can potentially affect critical events in cells of macrophage lineage. Therefore, we will address two basic questions: i) would prior exposure to LPS sensitize TLR4 to responses to exogenous oxidants? and ii) if so, what mechanism (s) is involved with respect to the transcriptional and/or translational activation of PGE 2 biosynthetic enzymes to enhance PGE 2 biosynthesis and release? We sensitized pM by prior exposure to LPS-EK (Ultrapure) [a specific TLR4/MD-2/CD-14 receptor complex agonist at 100 ng/ml for 4 h], which we determined empirically as an optimal priming condition in this pM system. In the present study, we directly tested the hypothesis that LPS-mediated priming of TLR4 will sensitize pM to oxidant-induced PGE 2 biosynthesis.
Materials and methods

Antibodies
Anti-CD11 b antibody (M1/70), isotype control rat (IgG2b) and anti-mPGES-1 were purchased from Abcam (Cambridge, England CB4 0FL), whereas anti-TLR4 antibody was obtained from Novus Biologicals (Littleton, Colorado, USA). Anti-COX-1 (D2G6) rabbit mAb, anti-COX-2 (D5H5) rabbit mAb and anti-cPLA 2 antibody were purchased from Cell Signaling Technology (Cambridge, MA, USA). HRP-conjugated ACTB were purchased from Proteintech Group.
Oxidants and other chemicals
Potassium peroxychromate (PPC), used in the study as a primary exogenous source of ROS, is not available commercially, but was synthesized in the laboratory according to a previously published protocol [27] . It was characterized by elemental and infrared analyses with a purity of > 98%. PPC has been used as a source of ROS to examine their effects on biochemical and biological functions [28] . PPC decomposes readily in aqueous systems to release several oxygen-centered free radicals including H 2 O 2 , hydroxyl radical (%OH), singlet oxygen ( 1 O 2 ) and possibly superoxide anion (O2%ˉ). Potassium peroxynitrite (PPN) (Millipore, Billerica, Mass, USA) was used as a direct donor of peroxynitrite anion (− OONO) under physiological conditions. Linsidomine chloride (SIN-1) was obtained from AdipoGen (San Diego, CA, USA) and produces cell permeable peroxynitrite anions that can react with lipids, DNA and proteins by direct oxidative reaction or by indirect radicalinduced mechanisms [29] . The intracellular total antioxidant capacity assay kit and the ELISA kit for PGE 2 were purchased from Cayman Chemical (Ann Arbor, MI, USA). The ELISA kit for mouse-specific TNF-α was purchased from BioLegend (San Diego, CA, USA). LPS-EK from E. coli K12 (LPS-EK Ultrapure) was obtained from InvivoGen (San Diego, CA, USA). TRI Reagent for RNA extraction was obtained from Molecular Research Center (Cincinnati, OH, USA). High-capacity cDNA reverse transcription assay kit and Restore Western Blot Stripping Buffer were obtained from ThermoFisher Scientific (Grand Island, NY, USA). Thioglycollate brewer powder was purchased from BD Biosciences (San Jose, CA).
Isolation and characterization of thioglycollate-elicited peritoneal macrophages (pM)
We isolated primary pM from mouse strain B6·B10ScN-Tlr4 lps-del/ JthJ (Jackson Labs) with complete deletion of TLR4 gene (knockout) [TLR4-KO] [30] with a corresponding wild-type (TLR4-WT) control strain C57BL6. These mice were cared for and maintained as approved by UMKC-IACUC in accordance with NIH guidelines. We isolated and characterized primary pM from both strains according to a standard published method [31] . pM were plated in tissue culture plates for 1 h, and media containing floating non-adherent cells were removed and replaced with DMEM/12 medium supplemented with 10% (v/v) FBS, 50 units/ml penicillin and 50 μg/ml streptomycin for 24 h before they were used in subsequent experiments. Incubation with DMEM/12 medium for 24 h further enriched the purity of pM [32] .
Sensitization and treatment of pM
pM were sensitized by incubation with 100 ng/ml LPS-EK for 4 h in culture medium supplemented with 10% heat-inactivated (HI) FBS, rinsed once thoroughly with culture medium supplemented with 1% HI FBS, 50 units/ml penicillin and 50 μg/ml streptomycin. Finally, cells were incubated overnight with fresh medium supplemented with 1% HI FBS without oxidants (control) or with PPC or PPN.
2.5. RNA extraction and reverse transcription pM were collected in TRI Reagent. Total RNA was extracted from cells using TRI Reagent according to the manufacturer's instruction. Total RNA was quantified in a Nanodrop spectrophotometer (ThermoFisher Scientific). An aliquot of RNA sample (2 μl) with a ratio of A260/280 nm absorbance of 1.8 to 2.0 was reverse transcribed in a 20 μl reaction volume using a High-Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific).
Quantitative polymerase chain reaction (qPCR)
Quantitative-polymerase chain reaction (RT-qPCR) was performed using Step-One TM Real-Time PCR System (Applied Biosystem, Foster City, CA) via standard fluorescent methodology and thermal cycling conditions following the manufacture's recommendations, including validation of each gene amplification tested by identification of single peaks in the melting curves. The qPCR reaction mixture contained 1 μl cDNA, 10 μl of the Real-time Bullseyes EvaGreen qPCR Mastermix-ROX (MIDSCI), 0.4 μl of primer pairs (10 μM) and 8.6 μl H 2 O in a complete reaction volume of 20 μl. C T values were normalized to β-Actin or GAPDH as a reference gene. Gene expression was determined as up/ down regulation of the gene of interest compared to the control. We followed the guidelines for the minimum information for publication of quantitative real time PCR experiments (MIQE) [33, 34] , which included uniformity in cell treatment with incubation conditions, RNA extraction protocols, and its essential purity across samples, quantification, storage and uniformity of the # of cycles with linearity of samples ( Table 1) .
Preparation of whole-cell extract
pM cultured in 6-well plates were washed with ice-cold PBS and lysed in whole cell extraction lysis buffer PE LB™ for Mammalian Cells (G-Biosciences, St. Louis, MO) supplemented with appropriate protease inhibitors ProteaseArrest™ (G-Biosciences, St. Louis, MO). Cell lysates were centrifuged at 12,000 ×g at 4°C for 20 min to remove cell debris. Protein assay was performed using BCA Protein Assay kit (Thermo Scientific, Waltham, MA) according to the manufacturer's instructions. Protein samples were diluted at 1:20 with the extraction buffer, and 5 μl of the dilution was added into a 96-well plate, and incubated with 200 μl working solution for 30 min at 37°C. Total protein was quantified by absorbance reading at 562 nm.
Immunoblot assay
Aliquots of whole cell extracts containing 20-30 μg of total protein were mixed with 5 × SDS loading buffer in a total volume of 20 μl and denatured at 100°C for 10 min. Equal amount (30 μg) of denatured total protein was loaded per lane, fractionated on a 4-12% Bis-Tris electrophoresis gel, and transferred onto PVDF membranes. After blocking with 5% non-fat milk in TBST (Tris-buffered saline, 0.1% Tween 20), the membranes were probed overnight at 4°C with primary antibody (Ab). After three washes in TBS-T, the membranes were incubated for 2 h with secondary Ab. Finally, the membranes were developed using Super Signal West Femto Chemiluminescent Substrate kit, and signals were visualized with the Fujifilm LAS-400 imaging system.
To determine the expression of more than one protein on the same membrane, Restore Western Blot Stripping Buffer was used for reblotting. Fifteen (15) ml of stripping buffer was added to the membrane, and incubated for 15 min with shaking at room temperature. After removal of the stripping buffer, the membrane was washed 3 times for 5 min each in 0.5% TBS Tween-20, followed by blocking, and incubation with primary Ab and secondary Ab. The effectiveness of initial stripping was tested before blocking.
Immunocytochemistry
Isolated primary pM were seeded in 8-well chamber slide pretreated with CC 2 ™ (Nunc™ Lab-Tek™ II, Thermo Scientific) to facilitate overnight attachment. Next day, the culture medium was removed and cells were fixed in 10% buffered formalin phosphate for 15 min at room temperature followed by two washes with ice cold PBS. Cells were then incubated with 1% BSA in PBS with 0.1% Tween 20 (PBST) for 30 min at room temperature followed by incubation with primary anti-CD11b Ab or anti-isotype Ab in 1% BSA in PBST for 1 h at room temperature. After three wishes with PBS, cells were incubated with 2nd Ab conjugated with fluorescein isothiocyanate (FITC) in 1% BSA and NucBlue® live cell stain reagent for 1 h at room temperature in dark. After three rinses with PBS, images were acquired using a fluorescence microscope (Axiovert 200 M; Zeiss) at excitation and emission wavelengths of 490/555 nm for FITC and 405/410-550 nm for NucBlue®.
Flow cytometry
Isolated primary pM were seeded overnight in 6-well tissue culture plates. Next day, cells were harvested by scraping and resuspended approximately at 1.0 × 10 7 cells/ml in ice cold PBS supplemented with 10% FBS 1% sodium azide (NaN 3 ). Two tubes of cells suspension (100 μl for each tube) was incubated with primary anti-CD11b Ab and anti-isotype Ab (used as negative control), respectively, in 3% BSA in PBS for 1 h at room temperature in the dark. After three washes with PBS, cells were suspended in ice cold PBS followed by incubation with 2nd Ab conjugated with FITC for 30 min at room temperature in the dark. Cells were then washed three times and resuspended in ice cold PBS supplemented with 3% BSA and 1% of sodium azide. The acquisition of the flow cytometric data and analyses was conducted with FACSCanto II™ flow cytometer (BD Biosciences, San Jose, CA, USA). The fluorescence intensity was determined using FITC filter at excitation and emission wavelengths of 490/555 nm. Cells probed with anti-isotype Ab were used as negative controls for CD11b expression. For each parameter investigated, at least 10 4 events (cells)
were analyzed per sample. The fluorescence intensities as logarithmically amplified data were compared between different treatments.
Measurement of intracellular total antioxidant capacity (iTAOC)
Cells (5 × 10 5 /well) were plated in 6-well plates and grown overnight before use. After simulation with oxidants or LPS-EK for 2 h, cells were lysed for the analysis of iTAOC using the antioxidant assay kit as per manufacturer's instructions. In this assay, we used PPC and SIN-1 to generate ROS and RSN, respectively, instead of PPC and PPN, which we used in all other experiments in the present manuscript. Our rationale was to maximize the extended RNS-generating capacity of SIN-1 compared with PPN. Briefly, the assay relies on the ability of antioxidants in the sample to inhibit the formation of oxidized ABTS® + [2,2-Azino-di-(3-ethylbenzthiazoline) sulphonate] by met-myoglobin. The amount of ABTS® + produced was monitored by reading the absorbance at 405 nm with a Bio-Tek microplate reader (Burlington, VT, USA). The capacity of the antioxidants in cell lysate was calculated from Trolox (a water-soluble tocopherol analogue) standard curves.
Quantification of PGE 2 levels
pM cells were plated in 12-well plates and cultured overnight. Cells were primed or not for 4 h as described. The culture media was removed and cells thoroughly rinsed with media, which was discarded. Cells were then treated with or without oxidants, and incubated for 16 h. Aliquots of media were collected in microfuge tubes containing 10-μg/ml indomethacin to prevent oxidation of PGE 2 that can occur in vitro. Samples were stored at −80°C until analyzed. The levels of PGE 2 in the cell culture medium were quantified using an ELISA kit according to manufacturer's instructions.
Statistical analysis
We used the IBM Statistical Package for the Social Sciences (SPSS) version 22 to perform data analysis in all experiments. Data are presented as the mean ± SEM from at least 3 to 6 independent experiments carried out in duplicates or triplicates, where applicable, and analyzed by 1-or 2-way analysis of variance (ANONA) followed by Tukey's post hoc tests with p ≤ 0.05 considered as significant.
Results
Characterization of primary peritoneal macrophages (pM)
First, we confirmed the genotypes of TLR4-WT and TLR4-KO mice using PCR from genomic DNA extracted from mouse-tail by a standard method (data not shown). We determined the purity of macrophages by measuring the expression of CD11b, generally considered as a cellular surface marker unique to cells of macrophage lineage. To ensure that the observed staining is due to the Ab binding to the desired antigen but not to some general unspecific binding of immunoglobulin to cells, we used anti-isotype Ab as negative control. CD11b expression was visualized using immuno-fluorescent microscopy as shown in Fig. 1A . No fluorescent signal was observed in cells stained with the anti-isotype Ab while almost all of the cells are fluorescent when they were stained with anti-CD11b mAb. CD11b-positive cells were further quantified by flow cytometry. Our results showed that a forward shift in the peak in cells stained with CD11b mAb compared to cells stained with anti-isotype thus confirming the specificity of the mAb. In addition, above 95% of peritoneal exudate cells (PECs) isolated from mice are CD11b positive (Fig. 1B) , which is consistent with previous studies [31] .
Confirmation of TLR4 expression in the pM
We confirmed the expression of TLR4 mRNA and protein in the pM. As Fig. 2A shows, TLR4 cDNA was readily amplified from RNA derived from WT (Lanes 2 and 3) while it was not amplified from RNA derived from TLR4-KO mice (Lanes 4 and 5). β-actin was used as the housekeeping gene (Lanes 6-9). The RT-PCR results confirmed that pM derived from TLR4-KO mice failed to express TLR4 mRNA compared with pM derived from WT mice. The data were consistent with our mouse genotyping results.
Then, we assessed TLR4 protein expression in cell lysates of pM derived from TLR4-WT and TLR4-KO mice by Western blot analysis. As shown in Fig. 2B , one robust band corresponding to the size of full length TLR4 95 kDa in pM derived from WT mice was observed whereas this band was almost undetectable in cell lysate of pM derived from TLR4-KO mice. Having confirmed TLR4 expression in pM at both mRNA and protein levels, we next characterized the primary pM with respect to response to TLR4 agonist stimulation.
pM isolated from TLR4-WT and TLR4-KO mice were stimulated with TLR4 specific agonist LPS-EK at 10 ng/ml. Cell culture supernatant was subjected to TNF-α analysis using ELISA. TNF-α was significantly induced upon LPS-EK stimulation in pM derived from TLR4-WT mice but not in those derived from TLR4-KO mice (Fig. 2C) . These results confirmed two crucial points: (i) pM derived from TLR4-WT mice responded to the stimulation of TLR4 agonist while pM derived from TLR4-KO mice were completely irresponsive to stimulation of LPS-EK, and (ii) LPS-EK specifically stimulates TLR4 activation.
Stimulation of TLR4 decreased intracellular total antioxidant capacity (iTAOC)
We confirmed the redox active responses of ROS and RNS from PPC and SIN-1, respectively. The assay choice is based on the rationale that antioxidants would commonly neutralize radicals via a hydrogen atom transfer or single electron transfer mechanism. We treated pM derived from TLR4-WT and TLR4-KO with different concentrations of PPC and SIN-1, and with LPS-EK as positive control. As a burden of ROS or RNS production is largely counteracted by an intricate antioxidant defense system [35] , we quantified iTAOC as a primary indicator of response to oxidants stress. Hydrophilic and lipophilic samples are compatible with the assay.
Treatment of pM with PPC (2.5 and 5 μM) for 2 h specifically induced a concentration-dependent decrease in cellular iTAOC in pM expressing TLR4 with decrease of 31 and 44% compared with control, respectively. Similarly, SIN-1 (0.5 and 1 mM) treatment for 2 h decreased iTAOC by 48 and 58%, respectively, in pM expressing TLR4. However, both PPC and SIN-1 had no effect on iTAOC in comparison with control cells derived from TLR4-KO mice (Fig. 3B) . Thus, deletion of TLR4 expression appears to protect cells from oxidant stress. LPS-EK (10 ng/ml) decreased iTAOC by 30% compared with control cells. These results further affirmed that oxidants induced intra-cellular oxidant stress. Consistently, pM derived from TLR4-KO mice are resistant to RONS-mediated increase in iROS levels [36] and decrease in TAOC levels compared with the pM derived from TLR4-WT.
TLR4 priming mediates oxidant-induced PGE 2 production
PPC and PPN, which have been proven to release several oxygencentered free radicals and peroxynitrite, respectively, were used as exogenous sources of reactive oxygen/nitrogen species (RONS). As  Fig. 4 shows, PPC (5 μM) or PPN (100 μM) alone induced a limited increase in PGE 2 production in pM derived from either TLR4-WT or TLR4-KO mice. pM expressing TLR4 exposed to LPS-EK 100 ng/ml for 4 h and then to culture medium (vehicle) for 16 h exhibited moderately enhanced PGE 2 production up to 503.1 ± 86.0 pg/ml compared to unsensitized pM with PGE 2 levels of 126.6 ± 34.2 pg/ml (Fig. 4) , which is about a 4-fold increase. In contrast, pM expressing TLR4 primed with LPS-EK (100 ng/ml) for 4 h and then treated with PPC or PPN for 16 h showed a robust PGE 2 synthesis. PGE 2 was increased up to 897.5 ± 120 pg/ml and 1416.3 ± 140 pg/ml by PPC and PPN, respectively. However, the pM that lacked TLR4 expression was not responsive to LPS-EK sensitization/priming. Treatment with oxidants did not affect PGE 2 production after LPS-EK sensitization in pM isolated form TLR4-KO mice. These results demonstrated that TLR4 priming sensitized pM to oxidant-induced PGE 2 production.
TLR4 priming mediates oxidant-induced PLA 2 mRNA expression
We examined the potential mechanism(s) by which TLR4 priming with its native ligand might sensitize pM to oxidant-induced PGE 2 biosynthesis. We examined the transcriptional and translational effects of treatments on the enzymes involved in PGE 2 biosynthesis. Liberation of AA from membrane glycerophospholipids by PLA 2 is an initial step in PGE 2 production. Expression of PLA 2 is essential for PGE 2 production. It 
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has been reported that sPLA 2 type II gene is naturally defective in C57BL/6 mice [37] . In addition, cPLA 2 and sPLA 2 type V have been reported to be up-regulated following TLR4 activation in pM [38] . Therefore, we examined the gene expression of cPLA 2 and sPLA 2 following treatment with oxidants in LPS-EK-sensitized pM. Consistent with PGE 2 production, Fig. 5A showed that: (i) PPC or PPN treatment alone had limited effects on the level of cPLA 2 mRNA in pM derived from either TLR4-WT or TLR4-KO mice; (ii) cells sensitized with LPS-EK following medium incubation showed a 2.7-fold increase in cPLA 2 mRNA levels compared with un-sensitized pM expressing TLR4; (iii) cells sensitized with LPS-EK followed by 16 h incubation with PPC or PPN did not show further increase in cPLA 2 mRNA levels in comparison with those from primed pM following incubation in the medium alone; and finally, (iv) the induction of cPLA 2 was only observed in pM that express TLR4, unlike pM with a complete deletion of TLR4, which showed no demonstrable response to LPS-EK sensitization following priming.
Compared with the mRNA of cPLA 2 , the mRNA of sPLA 2 type V is not inducible following LPS-EK sensitization. As Fig. 5B shows, PPC or PPN treatment alone had limited effects on the level of sPLA 2 type V mRNA in pM derived from either TLR4-WT or TLR4-KO mice. Furthermore, cells sensitized with LPS-EK followed by incubation in the medium alone or oxidant (PPC or PPN) treatment showed no significantly demonstrable effects on the levels of sPLA 2 type V mRNA in pM derived from either TLR4-WT or TLR4-KO mice.
TLR4 priming enhances oxidant-induced COX gene expression
Fig . 5C shows that: (i) PPC or PPN treatment alone had limited effects on the level of COX-2 mRNA in pM derived from either TLR4-WT or TLR4-KO mice; (ii) cells sensitized with LPS-EK following medium incubation showed a 13.7-fold increase of COX-2 mRNA levels compared with un-sensitized pM expressing TLR4; (iii) cells sensitized with LPS-EK followed by stimulation with PPC or PPN for 16 h exhibited a 28.5-and 28.3-fold increases in COX-2 mRNA expression, respectively, which was higher than those in sensitized pM following medium incubation; and (iv) induction of COX-2 was only observed in pM that express TLR4, but not in pM with complete deletion of TLR4 gene. These results again suggest that oxidants stimulate PGE 2 production in LPS-EK-sensitized pM through upregulation of COX-2 gene expression.
Compared with COX-2, the mRNA for COX-1 did not respond at all to LPS-EK sensitization. PPC or PPN treatment alone had no effects on the level of COX-1 mRNA in pM derived from either TLR4-WT or TLR4-KO mice (Fig. 5D) . Furthermore, the pM sensitized with LPS-EK followed by incubation with medium alone or medium with oxidant (PPC or PPN) treatment showed no effects on the levels of COX-1 mRNA in pM derived from either TLR4-WT or TLR4-KO mice.
Role of TLR4 priming in mediating oxidant-induced mPGES mRNA expression
We also examined the effect of TLR4 priming on mPGES-1 and mPGES-2 gene expression. mPGES-1 has been shown to respond to inflammatory stimuli and is frequently induced concomitantly with COX-2 after stimulation by LPS, TNF-α, or IL-1β [20] . In contrast, mPGES-2 is constitutively expressed in a most tissues and equally expressed in both the normal and pathological samples.
As shown in Fig. 5E , (i) PPC or PPN treatment alone had limited effects on the level of mPGES-1 mRNA in pM derived from either TLR4-WT or TLR4-KO mice; (ii) cells sensitized with LPS-EK followed by incubation in the media alone showed a 43.7-fold increase in mPGES-1 mRNA expression levels compared with un-sensitized pM from TLR4-WT mice; (iii) cells sensitized with LPS-EK followed by PPC or PPN stimulation for 16 h exhibited an increase in mPGES-1 mRNA expression of 50.5-and 40.1-fold, respectively; (iv) cells sensitized with LPS-EK followed by PPN stimulation for 16 h did not show a further increase in mPGES-1 mRNA expression compared with those in LPS-EK-sensitized pM following incubation in the medium alone; and (v) induction of mPGES-1 gene expression was only observed in pM expressing TLR4, whereas pM with deletion of TLR4 gene showed no response to LPS-EK sensitization.
Compared with mPGES-1, the mRNA for mPGES-2 was not responsive to LPS-EK sensitization. Treatment with oxidants (PPC or PPN) alone had no discernible effects on the level of mPGES-2 mRNA in pM derived from both TLR4-WT and TLR4-KO mice (Fig. 5F ). Furthermore, treatment with LPS-EK followed by incubation in the media alone had no effects on the levels of mPGES-2 mRNA in pM derived from either 4 . Effects of oxidants on PGE 2 production after prior incubation with LPS-EK. pM derived from TLR4-WT and TLR4-KO mice were sensitized by incubating for 4 h with media containing 100 ng/ml LPS-EK, which was removed and cells rinsed once with fresh medium. The cells were incubated for 16 h with fresh medium or medium containing PPC or PPN. We used ELISA kit to quantify PGE 2 present in aliquots of the culture media. * p ≤ 0.01, + p ≤ 0.05, n = 3-6.
TLR4-WT or TLR4-KO mice. Our results suggest that in spite of increased mPGES-1mRNA expression, the upregulation of mPGES-2 protein expression may not play a role in oxidant-mediated PGE 2 production in LPS-sensitized pM.
LPS-mediated TLR4 priming facilitates oxidant-induced protein expression
We examined the protein expressions of the key enzymes responsible for PGE 2 biosynthesis, including cPLA 2 , COX-2, COX-1, and mPGES-1. Consistent with mRNA expression profile in pM derived from TLR4-WT mice, Fig. 6A and B show that: (i) PPC or PPN treatment alone had limited effects on the level of cPLA 2 protein in pM; (ii) pM sensitized with LPS-EK followed by incubation in fresh medium alone showed a negligible (1.4-fold) increase in cPLA 2 protein expression compared with the un-sensitized pM; and (iii) cells sensitized with LPS-EK followed by incubation with PPC or PPN did not exhibit significantly further increase of cPLA 2 protein levels compared with those in sensitized pM following medium incubation. These results suggest that cPLA 2 may not contribute to the oxidant-induced PGE 2 production in LPS-EK-sensitized pM, although cPLA 2 mRNA in this treatment paradigm was significantly increased. This suggests apparent instability of cPLA2 mRNA that was not translated into functional protein.
Fig . 6A and D shows that: (i) incubation with PPC or PPN alone did not induce COX-2 protein expression in pM derived from TLR4-WT; (ii) pM cells derived from TLR4-WT mice sensitized with LPS-EK follow by medium incubation for 16 h showed a~24-fold increase in COX-2 protein expression compared with un-sensitized pM; (iii) Furthermore, pM derived from TLR4-WT sensitized with LPS-EK followed by PPC and PPN stimulation for 16 h exhibited an increased expression of COX-2 protein of~66-and~80-fold, respectively, which was remarkably higher than those in sensitized pM from TLR4-WT followed by further medium incubation alone in the absence of oxidants. Our results demonstrated that oxidants stimulate PGE 2 production in LPS-EK-sensitized pM from TLR4-WT by a very robust upregulation of COX-2 gene expression. Fig. 5 . Effects of oxidants on mRNA expression for cPLA 2 , sPLA 2 (Type V), COX-2, COX-1, mPGES-1 and mPGES-2 following priming with LPS-EK. pM were sensitized by incubating for 4 h in media containing 100 ng/ml LPS-EK, cells were rinsed once in fresh media, and then incubated for 6 h with fresh medium or media containing PPC or PPN. Cellular mRNA levels were analyzed and quantified by RT-quantitative PCR analyses. * p ≤ 0.01, + p ≤ 0.05, n = 3-5.
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International Immunopharmacology 54 (2018) [226] [227] [228] [229] [230] [231] [232] [233] [234] [235] [236] [237] Compared with COX-2, the expression of COX-1 did not respond to LPS-EK sensitization. As Fig. 6A and C shows, PPC or PPN treatment alone had no effects on the levels of COX-1 protein in pM derived from TLR4-WT mice. Additionally, pM sensitized with LPS-EK followed by medium incubation or oxidant (PPC or PPN) treatment had no effects on the levels of COX-1 protein in pM. These results suggest that COX-1 may not contribute to oxidant-induced PGE 2 production in LPS-EK sensitized pM.
We finally examined the protein expression of mPGES-1. As shown in Fig. 6A and E, (i) PPC or PPN treatment alone failed to induce mPGES-1 protein expression in pM derived from TLR4-WT; (ii) pM sensitized with LPS-EK followed by medium incubation showed a 22.7-fold increase in mPGES-1 protein expression levels compared with unsensitized pM from TLR4-WT mice; and (iii) pM sensitized with LPS-EK followed by PPC and PPN stimulation for 16 h did not exhibit further increase of mPGES-1 protein expression different from LPS-EK stimulation suggesting that mPGES-1 may not be a major contributor to oxidant-induced PGE 2 production through TLR4-stimulation.
Incidentally, pM derived from TLR4-KO mice showed no response whatsoever to either oxidant treatment alone or LPS-EK sensitization with respect to protein expression of cPLA 2 , COX-1, COX-2, or mPGES-1 (Fig. 7A, B & C) .
Discussion
We have shown that priming of TLR4 by pre-incubation with its native ligand LPS-EK would affect the magnitude of responses to oxidants in primary macrophages. For the first time we have shown that: (i) PPC or PPN treatment alone as RONS generators had limited effects on PGE 2 production and gene expression of enzymes responsible for PGE 2 production which includes PLA 2 , COX, and mPGES in pM derived from both TLR4-WT and TLR4-KO mice; (ii) pM sensitized with LPS-EK, followed by rinsing with fresh media and re-incubation in fresh media showed a moderate increase in PGE 2 production and gene expression for cPLA 2 , COX-2 and mPGES-1 in pM derived from TLR4-WT, but not pM from TLR4-KO mice; (iii) pM sensitized with LPS-EK followed by oxidant stimulation exhibited a significantly higher increase in PGE 2 production and expression of COX-2 protein only in pM derived from TLR4-WT mice.
Activation of the innate immune system might potentially predispose a host to toxicant-induced tissue injury. The in vitro results presented here have demonstrated that oxidants can activate the gene expression of COX-2 resulting in enhanced production of PGE 2 in pM derived from TLR4-WT mice sensitized with LPS. Our findings confirmed in vivo studies, which revealed that LPS pre-treatment sensitized animal to xenobiotic chemical-induced cytokines storm [39] . Our results indicate that episodic exposure to LPS and other TLR4 agonists might induce a state of enhanced sensitivity to oxidants in a host, ultimately leading to pro-inflammatory responses or heightened proinflammatory phenotype that is primed for disease initiation, propagation and maintenance. We have shown that macrophages sensitized by pretreatment with LPS-EK exhibited enhanced responsiveness to oxidants with respect to PGE 2 production (Fig. 4) . Our reports are in accord with other reports. The oxidant hydrogen peroxide (H 2 O 2 ) facilitated the production of COX-2 and PGE 2 only in LPS-stimulated human primary monocytes, whereas H 2 O 2 alone did not activate monocytes [40] . These findings demonstrate that the state of cellular activation may be critical in determining the cellular responses to oxidants, and thus initiation and propagation of inflammatory phenotype.
We further examined the potential mechanism(s) by which oxidantinduced PGE 2 production in the pM sensitized by prior exposure to LPS-EK. The three key enzymes that mediate PGE 2 production are PLA 2 , COX-2 and mPGES [14] . Our results indicate that the gene expression of cPLA 2 , COX-2 and mPGES-1 were significantly induced following LPS-EK treatment, thereby confirming that the genes for these enzymes are inducible by TLR4 activation. In contrast, the gene expression for sPLA 2 , COX-1 and mPGES-2 were not affected in the presence of TLR4 gene upon LPS-EK treatment. This confirmed that the genes for these PGE 2 -producing enzymes are less stable due to inflammatory stimulus alone. The upregulation of mPGES-2 mRNA induced by PPC treatment may be due to the instability of its mRNA caused by increased intracellular ROS. Under stress conditions including oxidative stress, mRNA stability changes precede changes in steady-state mRNA amounts [41] .
It has been documented that increased expression of cPLA 2 is associated with a robust increase in cPLA 2 activities in the cytosolic fraction [42] . Epithelial cells with higher expression of cPLA 2 than sPLA 2 are more susceptible to oxidative stress, which suggests that cPLA 2 is an important endogenous mediator of oxidant-induced cell injury [42] . Our studies showed that cPLA 2 expression was significantly upregulated by LPS-EK sensitization. This would theoretically result in increased availability of cytosolic AA released from the membrane phospholipids for PGE 2 production. This also means that increased cPLA 2 activity by LPS-EK sensitization might provide more substrates for subsequent enzymes such as COX-2, which is significantly increased by oxidants (Figs. 5 and 6 ). In the present study, we did not detect a further significant increase in cPLA 2 expression by oxidants in sensitized pM that may result from increased intracellular Ca 2 + due to oxidant-mediated mitochondria dysfunction. This may be necessary, but not sufficient for inducing of cPLA 2 [43] . Thus, more empirical data will be necessary to confirm whether oxidants can change cPLA 2 enzymatic activity. RONS from PPC and PPN markedly up-regulated COX-2 expression at both the mRNA and protein levels in pM sensitized with LPS-EK, but had no effects on COX-1 gene expression (Figs. 2 and 3) . These results demonstrated that the induction of COX-2 in pM may be responsible for oxidative stress-induced PGE 2 production as it only occurred in pM that express TLR4. The dramatic increase in COX-2 expression upon stimulation of inflammatory cells and inflamed tissues, and the assumption that the side effects of COX-1 inhibition provided the rationale for developing a selective COX-2 inhibitor for treating arthritis and other chronic inflammatory diseases [44] . Indeed, induction of COX enzymes by oxidants appears to be cell-or tissue-dependent or specific. For example, murine placenta, which experience oxidative stress during gestation, exhibited higher expression of COX-1 and COX-2 [45] .
mPGES-1 is a perinuclear protein that is markedly induced by cytokines and growth factors as in the case of COX-2 [43] . In addition, mPGES-1 is functionally coupled to COX-2 in marked preference to COX-1 resulting in PGE 2 production [46] . Induction of COX-2 and mPGES-1 by pro-inflammatory factors and their cooperation in converting AA to PGE 2 in vitro suggests that both enzymes are important for PGE 2 biosynthesis and that inhibition of either is sufficient to inhibit PGE 2 production [47] . mPGES-1 and oxidative stress are associated in inflammatory disorders. Reduced atherogenesis was concomitant with a reduction in oxidative stress in mice lacking mPGES-1 conditionally in myeloid cells [48] . Additionally, mPGES-1 deletion suppressed oxidative stress and formation of angiotensin II-induced abdominal aortic aneurysm, which is an inflammatory disorder characterized by localized connective tissue degradation and smooth muscle cell apoptosis [49] . These studies present mPGES-1 as a potential drug target for treating multiple inflammatory conditions. In accord with studies [48, 49] , our data show that mPGES-1 is robustly induced upon TLR4-activation. However, studies on the effects of oxidants on both mPGES-1 and mPGES-2 remain limited or largely nonexistent.
In the present study, however, treatment with oxidants failed to further increase the mRNA and protein of mPGES-1 at 6 h and 16 h, respectively, in sensitized pM derived from both TLR4-WT and TLR4-KO mice. mPGES-1 protein expression is induced by LPS as early as 6 h and persisted to 48 h in microglia [50] , and syntheses of mRNA and protein are dynamic processes. To further confirm the effects of oxidant on mPGES-1, expression (at the mRNA and protein levels) and enzymatic activities of mPGES-1 would need be examined at different time points in future experiments. Compared with mPGES-1, mPGES-2 is constitutively expressed in various cells and tissues. It is functionally coupled to both COX-1 and COX-2 [51] . Mice with mPGES-2 deficiency show no specific phenotype and no alteration in PGE 2 levels in several tissues or in LPS-stimulated macrophages [52] . Our results show that LPS-EK did not stimulate mPGES-2 expression in pM, which is consistent with these observations. Among the three inducible enzymes (cPLA 2 , COX-2 and mPGES-1), COX-2 is the only enzyme whose expression was further increased by oxidants in pM of TLR4-WT mice. This further confirmed that COX-2 remains a rate-limiting enzyme in PGE 2 production [14] in spite of oxidants. Our data suggest that oxidant-mediated upregulation of COX-2 is sufficient to result in PGE 2 production in sensitized pM.
The underlying mechanism (s) by which TLR4 agonists sensitize macrophages to oxidant are still not well understood. It has been proposed that TLR4 activation serve as an initial danger signal, thereby reprogramming the macrophage to a phenotype that is exquisitely sensitive to secondary danger signals generated by subsequent exposure to xenobiotics or oxidants [7] . Our in vitro findings provide strong evidence for this hypothesis. There is a growing evidence for functional plasticity of macrophages and their ability to adapt to changing microenvironments [53] . Macrophages can be selectively reprogrammed to a specific phenotype of immune response following relatively shortterm exposure to microbial ligands [54] . LPS priming through up-regulation of TLR4, prolonged and enhanced MAPK and NF-κB activation, and chromatin remodeling can indeed result in macrophage reprogramming [54] .
Our results showed that oxidants stimulated the expression of the mRNAs of three inducible genes encoding enzymes in pM sensitized with LPS-EK. COX-2 is induced by TLR4 activation [18, 40] . Increased expression of TLR4 and its co-receptor by LPS would partially explain the increased responsiveness. First, LPS would up-regulate the expression of TLR4 and its co-receptors, which would increase the sensitivity of macrophages to exogenous oxidants. It has been reportedly shown for some time that LPS can directly increase mRNA levels in human monocytes and neutrophils [55] . LPS in combination with anti-CD40 mAb also increased TLR4-MD-2 complex surface expression [56] . Additionally, LPS resulted in an initial but transient increase in CD14 expression (that serves as co-receptor for TLR4 activation), which was associated with distribution of TLR4 in enterocytes [57] . Simultaneously, pro-inflammatory cytokines induced by LPS sensitization modulated TLR4 expression. IL-6 incubation upregulated TLR4 cell surface protein leading to increased responsiveness to TLR4 activation in human monocytes [58] .
Second, COX-2 appears to be induced by the dominant transcriptional factor NF-κB activation [59] . It has been proposed that oxidant modulation of NF-κB activity is largely dependent on the degradation of IκBα and subsequent NF-κB activation, a process that requires an activating stimulus, such as LPS. Here, LPS priming might lead to prolonged and enhanced NF-κB activation, which in turn facilitates oxidant-mediated NF-κB activation. Our findings are in accord with other studies because H 2 O 2 increased the degradation of IκBα, the nuclear localization of p50, and the activation of NF-κB only in LPS-activated human primary monocytes [40] . Interestingly, there was no induction of COX-2 and mPGES-1genes by prior incubation with LPS-EK in pM derived from TLR4-KO. Furthermore, there was no concurrent induction of COX-2 and mPGES-1genes by prior incubation with LPS-EK in pM derived from TLR4-WT [60] . Thus, this does not appear to support the hypothesis that a primary trigger for a concurrent activation on COX-2 and mPGES-1 is functional TLR4 stimulation. Nonetheless, others have shown that NF-κB can regulate the expression of both COX-2 and mPGES-1 in macrophages induced by LPS, a native ligand for TLR4 [61] .
Taken together, LPS-mediated TLR4 priming sensitized pM to oxidant-induced expression of COX-2 and PGE 2 biosynthesis. Our data provide a potential mechanism(s) by which exogenous oxidants may facilitate human disease states (inflammatory processes in the presence of bacterial LPS or other TLR4 primers/activators such as DAMPs or PAMPs and including the ubiquitous air pollutants). Our results provide further empirical evidence for a potential role of TLR4 ligands/pseudo ligands in initiating, propagating and maintaining many disease states.
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